[1] Salinization in coastal aquifers is a global phenomenon resulting from the overexploitation of scarce water resources. The Gaza Strip is one of the most severe cases of salinization, as accelerated degradation of the water quality endangers the present and future water supply for over 1 million people. H slope is identical to that of the Avedat aquitard. The geochemical data suggest that dissolution of pedogenic carbonate and gypsum minerals in the overlying loessial sequence generated the Ca-rich solution that triggered base exchange reactions and produced Na-and B-rich groundwater. The geochemical data show that most of the salinization process in the Gaza Strip is derived from the lateral flow of the Na-rich saline groundwater, superimposed with seawater intrusion and anthropogenic nitrate pollution. The methodology of identification of multiple salinity sources can be used to establish a long-term management plan for the Gaza Strip and can also be implemented to understand complex salinization processes in other similarly stressed coastal aquifers.
Introduction
[2] Salinization of coastal aquifers is a global phenomenon that endangers present and future utilization of groundwater resources, particularly in arid and semiarid zones. Understanding the effects of salinization is crucial for water management in regions where groundwater is a diminishing resource and where future urban, agricultural and, consequently, economic development depends exclusively on its availability and quality. In many basins of the Middle East, groundwater resources are shared by more than one state.
Water quality degradation in the upstream part of these basins often leads to water stress downstream and thus may lead to regional conflicts. Numerous articles have discussed the political effects of the water shortage in the Middle East, especially in the Gaza Strip [e.g., Kelly and Homer-Dixon, 1998; Ohlsson, 1995] , which is situated on the southern coastal Mediterranean aquifer (Figure 1 ), because it is perhaps the most extreme example where a population of over one million is totally dependent on groundwater resources [Moe et al., 2001; Assaf, 2001] . Human pressure on the coastal aquifer in the Gaza Strip has resulted in the overexploitation beyond natural replenishment and in the significant drawdown of the water levels and continuous degradation of the water quality. For example, the chloride and boron contents in the groundwater exceed in most areas the drinking water limits of 250 mg/L and 1 mg/L, respectively (i.e., the European Union regulations; Figure 2 ).
[3] In order to be able to break the vicious cycle of extensive exploitation, hydrological deficit, and contamination, the sources and flow paths of contaminates in the aquifer must be elucidated. It is essential to identify the different salinity sources in order to establish in the future a reliable water management plan. The most flagrant example of a priori assertions concerning coastal aquifers is to consider seawater intrusion to be the primary salinity source. Moreover, it is commonly believed that merely halting seawater intrusion will solve the aquifer salinity problem [e.g., Jones et al., 1999] . However, many studies have shown that other sources of salinity also affect the water quality of groundwater resources in coastal aquifers [Maslia and Prowell, 1990; Izbicki, 1991; Vengosh et al., , 2002 Penny et al., 2003] . In the fragile hydropolitical framework within the Gaza Strip, understanding the origin of the salinity has many political and economic implications (e.g., water sharing with Israel, political stability, and economic growth) in addition to direct operational water management.
[4] Tracing the origin of the salinity is not an easy task, particularly in aquifers that may be contaminated from (fall 1998) and the Avedat aquitard (marked in solid lines). Note the deep hydrological depressions in the northern and southern parts of the Gaza Strip and the general southeast to northwest flow direction. Also note that the eastern margin of the coastal aquifer is located east of the western boundary of the underlying Avedat aquitard, reflecting a direct hydrogeological connection (modified after Livshitz [1999] ). multiple nonpoint saline sources. One of the important elements for tracing salinity sources is the assumption that the chemical compositions of the original saline sources, particularly conservative constituents such as Br/Cl are preserved during the salinization process [Vengosh, 2003] . However, additional processes (e.g., water-rock interactions) may hamper the ability to elucidate the original saline sources. Here, we investigated the chemical and isotopic compositions of strontium, boron, oxygen, hydrogen, and sulfur in groundwater from the southern Mediterranean coastal aquifer that is shared between Israel and the Gaza Strip. Using different geochemical and isotopic tracers provides an efficient diagnostic tool for elucidating the origin of the salinity and boron contamination. We show that the predominant salinity source in the southern Mediterranean coastal aquifer is natural inland saline groundwa- ter that flows from the central aquifer in Israel into the Gaza Strip.
Hydrogeology
[5] The Coastal Plain aquifer is located along the Mediterranean coast of Israel and Gaza Strip. It is composed of Pliocene-Pleistocene calcareous sandstone, sands, sandy loam, and clays ( Figure 3 ). The aquifer thickness varies from 200 m in the west near the coast to a few meters at the eastern margins. Up to a distance of 4 to 6 km from the coastline, impermeable layers of clays divide the aquifer into several confined subaquifers (marked as ''A'' to ''C'' in Figure 3 ), whereas in its central and eastern sections the aquifer is undivided and phreatic. The unsaturated zone in the western part of the aquifer is composed of relatively highly permeable sand, calcareous sandstone, and sandy loam. In the eastern part, the aquifer is covered by thick loess soils (up to 20 m depth) of low conductivity. Recharge occurs through the unsaturated zone in areas of sand dunes (central and western aquifer) but is limited in areas of thick layers of loess soils (eastern areas of the aquifer) due to their lower permeability. The amount of precipitation decreases by 50% from the North (about 400 mm) to the South (200 mm) (Figure 1a) .
[6] In the western and central areas, the aquifer overlies an aquiclude unit with a thickness of several hundreds of meters, composed of marine shale and marl (the Yafo Formation of the Saqiye Group). Along the eastern margin, the aquifer overlies directly on the Avedat Group (Eocene) aquitard since the Yafo Formation occurs only in the central section of the coastal plain [Gvirtzman, 1969; Livshitz, 1999] (Figures 1b and 3) . The structure and the thickness of the aquifer vary significantly from north to south in the Gaza Strip. In the northern section, the thickness of the aquifer in its western and central area is 180 to 200 m. In the central Gaza Strip the thickness decreases to 140 to 160 m. In the southern part, the thickness of the aquifer is only 100 to 120 m. Along the north-south transition, the basic structure of subaquifer division along the coast is unchanged, but the thickness of the lower subaquifer unit ''C'' decreases significantly [Mercado, 1968; Fink, 1992; Guttman, 2002] .
[7] Historic hydrological data [Mercado, 1968; Fink, 1992; Livshitz, 1999; Guttman, 2002] indicate that the natural flow regime was from SE to NW toward the Mediterranean Sea (Figure 1b ). This means that part of the recharge of the Gaza groundwater occurs in the East, on the territory of Israel. Over the years the amount of pumping in the Gaza Strip has steeply increased (currently 155 Â 10 6 m 3 /y) and is not balanced by natural or anthropogenic replenishments. The natural recharge of the aquifer is estimated to be 35 Â 10 6 m 3 /y while the human induced (agricultural return flow and wastewater) is estimated at 52 Â 10 6 m 3 /y and lateral inflow from the eastern part of the aquifer is 37 Â 10 6 m 3 /y [Moe et al., 2001; Fink, 1992] . The Gaza Strip is thus facing an overall annual deficit of about 30 Â 10 6 m 3 /y [Moe et al., 2001] . As a result of overpumping, regional water levels were lowered, and two deep hydrological depressions have formed in the urban areas of the Gaza Strip including Gaza City in the North and Rafah in the South (Figure 1b) [Moe et al., 2001; Mercado, 1968; Fink, 1992; Melloul and Bibas, 1992] .
[8] The Avedat Group (Eocene) aquitard is composed of low-permeability chalk that has been intensively fractured and jointed. Consequently, the fractured flow controls water recharge and groundwater flow [Nativ et al., 1995; Nativ and Nissim, 1992; Livshitz, 1999] . Evidence for rapid recharge and transport along fractures is seasonal fluctuations of water levels, high tritium concentration, high rates of contaminants flow, and
H composition that is identical to modern precipitation in the northern Negev [Nativ et al., 1995; Nativ and Nissim, 1992] . Hence, although the Eocene chalks are referred to as ''aquitard,'' numerous studies have shown that groundwater flow within the formation is rapid. Although constituted of heterogeneous permeabilities, the Avedat Group is a unit of a continuous water table whose potentiometric surface is about 200 m to 50 m, relative to 10 to 20 m in the eastern part of the coastal aquifer (Figure 1b) . Given the potentiometric head difference between the aquitard and the adjacent coastal aquifer (Figure 1b) , groundwater flows along this contact [Nativ and Nissim, 1992; Livshitz, 1999] . Livshitz [1999] demonstrated that the chemical composition of groundwater within the Kurkar Group (constituting the coastal aquifer) along the contact zone (Figure 3) mimics Figure 3 . Schematic general hydrogeological SE-NW cross section of the coastal aquifer along line AB in Figure 1a . The cross section was modified after Tolmach [1991] . the composition of the Avedat aquitard, indicating a direct flow of groundwater from the fracture chalks into the sandstone of the coastal aquifer.
[9] In the central part of the Gaza Strip (Figure 1 ) a driedup river (Nahal Besor in Hebrew or Wadi Gaza in Arabic), which is perennially flooded, cuts into the coastal aquifer. The highly permeable sediments that are associated with the river form an alluvial and shallow aquifer that directly overlies the chalk of Avedat Group aquitard (Figure 4) . Elevation of the base of Nahal Besor in the southern part of the research area (Spring Sharuchan, Figure 1a) is about 90 to 100 means sea level below the potentiometric surface of the Avedat Group (Figure 1b) , enabling drainage of groundwater from the Avedat Group to the river floor and the shallow alluvial aquifer.
Analytical Techniques
[10] Groundwater samples were collected from both Israeli and Palestinian pumping wells (Figure 1a ). Water samples were filtered immediately after reaching the laboratory. Loess leaching experiments were performed by batch reaction of double-distilled water with loess soil in 1:1 ratio, centrifuge and filtration of the slurry. The chemical composition of the water was analyzed at the Water Laboratory of Ben-Gurion University; cations and boron were measured by inductively coupled plasma -optical emission spectrometry (ICP-OES), anions were measured by ion chromatography. Analytical errors in all dissolved constituents did not exceed 5%. Boron, strontium, sulfur, oxygen and hydrogen isotopes were measured at BRGM isotope laboratories.
[11] Boron isotopes were determined by positive thermal ionization mass spectrometry [Spivack and Edmond, 1986] on a Finnigan MAT 261 solid source mass spectrometer. Waters and dissolved solid salts were run through cationic resin (IR120) in order to remove major ions. Boron isolation was obtained by using the Amberlite IRA-743 boron selective resin according to a method adapted from Gaillardet and Allègre [1995] 
Results
[14] The chemical and oxygen, deuterium, boron, sulfur, and strontium isotopic results of the investigated groundwater are summarized in Tables 1 and 2 . The results of the loess leaching experiments are reported in Table 3 . Figures 5 -8 illustrate the chemical composition, stable isotopes of oxygen-deuterium, strontium isotopes, and boron isotopes results, respectively.
[15] The chemical results enable us to discriminate between different water types: Na-Mg-Cl water type characterizes the saline groundwater in the Avedat (Eocene) aquitard, and groundwater in the shallow alluvial aquifer along Nahal Besor (Wadi Gaza) with typical Na/Cl ratios between 0.86 and 1 and Br/Cl ratios of <1.5 Â 10
À3
(marine ratio). Na-HCO 3 -SO 4 -Cl water type characterizes the saline groundwater in the central part of the aquifer (Israel) and the eastern part of the Gaza Strip, with typical high Na/Cl (>1), and marine Br/Cl ($1.5 Â 10
) ratios. Ca-chloride water type characterizes the saline groundwater in the western part of the aquifer near the seashore with typical low Na/Cl (<0.86) and marine Br/Cl ($1.5 Â 10 3 ) ratios.
Avedat Group Aquitard and Shallow Alluvial
Aquifer Along Nahal Besor (Wadi Gaza)
[16] Groundwater from the Avedat (Eocene) aquitard is characterized by relatively high salinity (TDS up to 5 g/L), Figure 4 . A schematic block-diagram of Nahal Besor (Wadi Gaza) and local hydrogeology. Modified after Movshoviz [1979] and Michaeli and Movshoviz [1981] . Na-Mg-Cl composition, marine and lower (<1.5 Â 10 À3 ) Br/Cl ratios, and marine d
11 B values ($40%; Table 1 ). Groundwater from the shallow alluvial aquifer exhibits two different water components ( Figure 6 ) in the Na-rich groundwater exhibit a slope of 5.6 that is identical to the slope measured in groundwater from the Avedat Group aquitard and local precipitation in the recharge area in northern Negev [Nativ and Nissim, 1992; Nativ et al., 1995; Adar and Nativ, 2003 ]. The groundwater is characterized by Na-HCO 3 -Cl composition in the northern part of the research area and Na-SO 4 -Cl type in the southern area. In both areas the groundwater has conspicuously high Na/Cl (>1), marine Br/Cl (1.5 Â 10 À3 ), high B/Cl, and low Ca/Cl ratios ( Figure 10 ). In the southern part of the research area (south from Nahal Besor, Figure 1a ) the SO 4 /Cl ratios are high whereas in the northern section the HCO 3 /Cl ratios are high relative to those in the Avedat aquitard. The Na/Cl ratios are negatively and positively correlated with Ca/Cl and B/Cl ratios, respectively ( Figure 10 ). The 87 Sr/ 86 Sr ratios show an inverse correlation with elemental Sr (Figure 7 ). The d 34 S SO4 value of the Na-rich groundwater is about 13%. This value is slightly lower than the d 34 S SO4 values (15%) reported in secondary gypsum veins in fractures intersecting the chalk [Issar et al., 1988] and higher than that of uncontaminated groundwater of the Avedat Group aquitard in Ramat Hovav area (10.8%) [Adar and Nativ, 2003] . The Na-rich saline groundwater in the central part of the southern coastal aquifer is characterized by high boron content and high B/Cl ratios (i.e., 0.012 relative to 8 Â 10 À4 in seawater; Table 1 ). The boron isotopic ratios (Figure 8 B values (20 -30%) were found in low-saline groundwater elsewhere in the Mediterranean coastal aquifer, reflecting leaching of the aquifer matrix during the recharge process [Vengosh et al., 1994 .
Groundwater in the Gaza Strip
[18] The chemical data of groundwater in the Gaza Strip reveal three types of groundwater. The first is groundwater with high Na/Cl ratios that mimic the composition of the Na-rich groundwater in the central section of the aquifer. In most cases, the high Na/Cl signature is found in wells located along the eastern part of the Gaza Strip that is downgradient from the central saline Na-rich groundwater. The second is saline groundwater in the western part of the aquifer along the seashore that is characterized by a Ca-chloride composition with low Na/Cl (<0.86), B/Cl (<8 Â 10 À4 ), SO 4 /Cl (<0.05) ratios, marine (1.5 Â 10 À3 ) Br/Cl ratios, and marine d
11 B values ($39%). Similar composition was found in saline groundwater associated with seawater intrusion in the Mediterranean coastal aquifer [Vengosh et al., 1994; Yechieli et al., 2001] (Figure 11 ).
Leaching of the Loess Soil
[19] The loess leaching results (Table 3) show wide ranges of salinity and water chemistry. Effluents with low salt content are characterized by extremely high Na/Cl ()1) whereas saline extractions have lower Na/Cl ratios $1. The Na/Cl ratios measured in loess extraction are positively correlated with Ca/Cl and B/Cl ratios ( Figure 12 ). Excess of Na + over Cl À was reported also in previous leaching experiments of loess soil in the Negev [Dan and Yaalon, 1982] . We, moreover, found that the saline effluents have low Br/Cl ratio (<1.5 Â 10 [Magaritz et al., 1984] . In addition, the shallow groundwater is characterized by conspicuous high Br/Cl ratio ()1.5 Â 10 À3 ; Figure 9 ) that is different from that in Avedat aquitard ($1 Â 10 À3 ).
[21] We attribute the high Br/Cl and low d
18
O signatures to the lateral discharge of Br-rich floodwater into the alluvial aquifer. We suggest that the high bromide originated from industrial effluents that were historically discharged from the Ramat Hovav industrial park [Adar and Nativ, 2003; Nativ and Adar, 1997] and were transported during flood events. High Br level is indeed found in current floodwaters despite the fact that active discharge of wastewater has ceased more than a decade ago [Keshet, 1992 [Keshet, , 1999 . Consequently, the relationship between Br/Cl and d . The recharge of human-induced high Br/Cl water into the alluvial aquifer has important implications for the risks of contamination of the regional coastal aquifer, which is in hydraulic continuity with the shallow alluvial aquifer in the northwestern section of Wadi Gaza (Figures 1b and 4) . Hence, in the southern coastal aquifer the Br/Cl is a good monitoring tool to trace the progressive mixing of pristine (yet saline) waters (<1 Â 10 À3 ) with floodwaters characterized by anthropogenic signature (>1.5 Â 10 À3 ).
Origin of the Na-and B-Rich Saline Groundwater
[22] The hydrogeological, hydrological, and geochemical data (Table 1 and Figures 1b and 3) clearly indicate that the saline groundwater from the Avedat aquitard flows into the eastern part of the coastal aquifer [Nativ and Nissim, 1992; Livshitz, 1999] . Yet the chemical composition of saline groundwater in the central part of the aquifer is entirely different from that of groundwater in Avedat aquitard. Saline groundwaters in the northern and southern parts of the research area have respectively Na-HCO 3 -Cl and Na-SO 4 -Cl compositions with Na/Cl > 1, while the saline groundwater in Avedat aquitard has a Na-Mg-Cl composition with Na/Cl < 1 (Table 1 and Figure 6 ) is identical to that of the Avedat Group aquitard and local precipitation in the northern Negev [Nativ and Nissim, 1992; Nativ et al., 1995; Adar and Nativ, 2003] , thus indicating that most of the water is indeed derived from the Avedat aquitard.
[23] Typically, the Na-HCO 3 composition in coastal aquifers reflects displacement of seawater by fresh water (i.e., freshening). In this process sequential elution of seawater cations that are bond to exchangeable sites on clay minerals results in chromatographic enrichments of Mg 2+ , K + , and Na + along flow paths [Appelo, 1994] . We use this analogy to suggest that the Na-rich groundwater is 
where Na-X and Ca-X represent the exchangeable cations on clay minerals.
[24] The Na-HCO 3 and Na-SO 4 compositions of the saline groundwater are completely different from the Ca-chloride saline plumes in the central part of the Mediterranean coastal aquifer that are about 50 km north of the research site. Vengosh et al. [1999] suggested that saline plumes are derived from up flow of pressurized saline groundwater. The basic foundation of their model was the chemical composition of the saline plumes that have a Ca-chloride composition with low Na/Cl ratios (<0.86) that resemble the composition of modified seawater. Hence we rule out the possibility that the Na-rich water in the southern aquifer is derived from deep underlying sources. Likewise, Fink [1970] identified hypersaline brines (TDS up to 115 g/L) in the deep subaquifer in Gaza Strip that potentially can be the source for salinization in the central part of the coastal aquifer. However, the chemical composition of these brines (e.g., Ca-chloride type, Na/Cl $ 0.86) is, again, different from the saline groundwater in the study area. [25] In contrast, we present several evidences that waterrock interactions in the overlying loess soil generated Ca-rich solutions that triggered the base exchange reactions. First, the 87 Sr/
86
Sr ratios of the Na-rich groundwater exhibit an inverse correlation with elemental Sr 2+ (Figure 7 ) indicating that the depletion of Sr 2+ (and hence Ca 2+ ) was accompanied by isotopic change that resembles the 87 Sr/ 86 Sr ratios found in loess leachates. Second, the d 34 S SO4 value measured in the Na-rich groundwater (13%) is slightly lower than d
34
S SO4 values (15%), presumably derived from gypsum dissolution in loess soil in the Negev [Issar et al., 1988] , and higher than that of uncontaminated groundwater of the Avedat Group aquitard in Ramat Hovav area (10.8%) [Adar and Nativ, 2003] . These relationships might indicate that the dissolved sulfate in the Na-rich groundwater is derived from a mixture composed from the original Avedat groundwater and sulfate derived from dissolution of gypsum in the overlying loess soil. The relatively low d 34 S SO4 values also rule out sulfate reduction processes in the aquifer. Third, the d
13 C values (range of À4% to À15%; data are from Magaritz et al. [1984] ) rule out any biogenic processes (e.g., organic breakdown) that might control the elevated dissolved bicarbonate in the Na-rich groundwater. In sum, 87 Sr/ 86 Sr, d 34 S SO4 , and d 13 C variations in the Na-rich groundwater indicate that the loess is the source for the Ca source that triggered the base exchange reactions.
[26] We consider two scenarios for the base exchange reactions. First, long-term flushing of the loess soil resulted in dissolution of pedogenic carbonate and gypsum minerals and formation of Ca-rich solutions. The interaction of the Ca-rich solutions with clay minerals saturated with Na + on the exchangeable matrix resulted in base exchange reaction and elution of Na + to the groundwater. In this scenario the base exchange reactions took place within the aquifer, as the exchangeable sites on clays minerals were saturated with Na + due to the flow of the saline groundwater from the Avedat aquitard.
[27] The second scenario considers base exchange reactions in the overlying loess layers. The distribution of ions along the loess deposits is a function of climatic changes during the Pleistocene. During arid periods, salts were accumulated in the soil whereas in humid phases the salts were flushed toward the lower section of the loess column and pedogenic carbonate horizon was formed [Dan and Yaalon, 1982; Magaritz et al., 1988] .
[28] In both scenarios we argue that the Ca-rich solutions were formed in the loess soil. Dan and Yaalon [1982] demonstrated that the loessial sequences in the Negev are predominantly composed of pedogenic carbonates (24 to 49%), while gypsum occurs only in the areas south of the 220 mm precipitation isohyet and increases with level of aridity. Water extraction of the loess soil as reported in the current (Table 3 ) and previous studies [Dan and Yaalon, 1982; Magaritz et al., 1988] did not dissolve the carbonate phase as evidenced by the relatively low Ca 2+ content that was measured in all these extraction experiments. However, it is assumed that under natural conditions and degradation of organic matter in the soil, acid conditions develop and the pedogenic carbonates are dissolved. Moreover, we argue that the formation of Ca-rich solution modified the chemical composition of the underlying groundwater, but the water contribution was insignificant, given the relatively low conductivity of the loess soil and the d
O and d
2 H values measured in the Na-rich groundwater (Figure 6 ).
[29] We attribute the distinction between Na-HCO 3 and Na-SO 4 composition in groundwater from the northern and southern areas to the composition of the overlying loess. In the northern part of the research area the source of the calcium could be the dissolution of calcium carbonate as inferred by the high bicarbonate concentration. In the southern part of the aquifer, sulfate is the predominant anion that balances the sodium enrichment, and therefore gypsum is a possible primary source for the Ca-rich solution. This interpretation is consistent with soil classification made by Dan and Yaalon [1982] that showed that saline and gypsiferous soils occur in the Negev only south of the 220 mm precipitation isohyet. Moreover, they demonstrated that the depth of the calcium horizon also decreases with aridity. Likewise, Goodfriend and Magaritz [1988] showed that formation of calcite horizons in loess soils is related to the amount of rainfall. Nonetheless, calcium carbonate is the predominant mineral (20 to 49%) in most loess soils in the Negev. We show that the 220 mm precipitation isohyet, the threshold of gypsum occurrence in loess, crosses the central part of the Gaza Strip (Figure 1a ). Thus we argue that the sulfate enrichment in groundwater in the south is a result of gypsum dissolution in the overlying loess, which also reflects the aridity of the area.
[30] The inverse relationship between d 13 C and HCO 3 values ( Figure 13 ; data are from Magaritz et al. [1984] ) suggests that dissolved bicarbonate is controlled by mixing of a HCO 3 -rich source with low d 13 C values ($À15%) in the northern part and a HCO 3 -poor end-member with higher d 13 C values in the southern part of the aquifer. This geographical distinction in d 13 C and HCO 3 /SO 4 ratios of groundwater mimics the d 13 C composition of pedogenic carbonates in overlying loess soil [Goodfriend and Magaritz, 1988] and the thickness of the carbonate horizon in the soil that decreases with aridity toward the south [Dan and Yaalon, 1982] . Goodfriend and Magaritz [1988] showed a north-south trend of d 13 C values in carbonate horizons, ranging from $À10% in the north to 0% in the south. This trend was explained by the climatic conditions; in wet conditions plant productivity increases and so the d 13 C in soil CO 2 decreases. It was also argued that under drier conditions the fraction of C 4 plants increases and so the d 13 C values. In short, we argue that the unique geographical isotopic and geochemical trends observed in the groundwater reflect the compositions of the overlying loessial deposits. In the following sections we will provide additional evidence for the two alternative scenarios, followed by a detailed discussion on the boron anomaly that is associated with the Na-rich groundwater.
Base Exchange Reactions Within the Aquifer
[31] According to the first scenario, dissolution of pedogenic carbonates and gypsum produced Ca-rich solutions that were recharged into the aquifer. In order to test this hypothesis we performed a mass balance calculation for the major dissolved ions (Table 4) that is based on the following assumptions: (1) the initial saline water has the composition of the typical saline Eocene groundwater without any anthropogenic contribution (e.g., Haluza well, which is located south of the industrial zone and hence is not influenced by its contamination; Table 1); (2) chloride is a conservative element and halite dissolution is negligible in this system given the marine Br/Cl ratios that were observed in most of the groundwater from the central part of the aquifer; (3) the dilution of Cl À observed in the Na-rich groundwater relative to the Avedat aquitard should equally reduce the content of other dissolved ions; (4) the expected concentration of any ion normalized to that of chloride (i.e., conservative dilution) minus the actual measured concentration of those ions in the residual water equals to the net gain or loss of the ion (D in Table 4 ); and (5) the DHCO 3 and DSO 4 values represent net contribution from CaCO 3 and CaSO 4 dissolution, respectively.
[32] The results of this model (Table 4) show a significant Na + enrichment that is associated with Ca 2+ depletion, HCO 3 À enrichment (northern section) and SO 4 2À enrichment (southern section) relative to the expected conservative concentrations. We posit that base exchange reactions are a possible explanation for the relative Na + addition and Ca 2+ depletion, and therefore the net addition of Na + (DNa) should be equal to the net Ca 2+ loss. The calcium input is the sum of Ca 2+ in the original Eocene groundwater (Ca original -corrected for dilution) plus dissolution of calcite represented by the net addition of HCO 3 (Ca DHCO3 ) plus dissolution of gypsum as represented by the net addition of sulfate (Ca DSO4 ). The calcium output is the net Na enrichment (DNa) plus the residual Ca 2+ concentration that is measured in the groundwater (Ca residual ). Hence the overall relationship should be (equivalent concentrations):
The results (Table 4 and Figure 14) show that in some samples, particularly the diluted one, there is a good agreement between the calculated calcium contribution (Ca input) to the net addition of Na+ plus residual Ca 2+ (Ca output). The mass balance calculations (Table 4) show that even if Mg in the groundwater is depleted relative to the postulated diluted Eocene groundwater, the absolute magnitude of this depletion is low (1 -2 meq/L), so that it does not contribute to the overall bivalent balance.
Base Exchange Reactions in the Overlying Loess Soil
[33] The second scenario considers base exchange reactions in the loess soil. Previous investigation of the loessial sequences in the Negev suggested that base exchange reactions occurred along the loess profile [Dan and Yaalon, 1982; Magaritz et al., 1988] . We use the data reported by Dan and Yaalon [1982] in two loessial sequences to demonstrate this process. Figure 15 shows the chemical variations in two loessial sequences from Gilat and Beer Sheva with annual mean precipitation of 220 mm and 180 mm, respectively. The data show that in the arid area the water extractions from the loess soil are much more saline. Moreover, the relationships between Na/Cl, SO 4 / Cl, and Ca/Cl ratios clearly show that gypsum dissolution (increase of SO 4 /Cl and Ca/Cl) is associated with reverse base exchange reaction (an increase in Na/Cl ratios; Figure 15 ). The data obtained in this study also show a direct correlation between Na/Cl and Ca/Cl in the loess leachates (Figure 12 ). Thus the data suggests that the dissolution of carbonate and gypsum provides a large calcium pool that triggers displacement of Na + from exchangeable sites on clay minerals, which composed about 20% of the loessial sequences . We posit that during arid periods, salts are accumulated and stored in the loess soil. During humid phases, the soluble salts (mainly NaCl) are flushed downward and the exchange sites become saturated with Na+, followed by dissolution of less soluble minerals (calcite and gypsum), which contribute Ca 2+ to the residual water. The calcium flux results in a reverse base Figure 13 . Values of d 13 C versus bicarbonate (meq/L) in Na-rich groundwater from the central part of the aquifer. Data are from Magaritz et al. [1984] . Note the distinction between the Na-HCO 3 type depleted in 13 C in the northern part and Na-SO 4 types enriched in 13 C in the southern part of the research area. exchange reaction and, according to this scenario, generates a Na-rich solution that is recharged into the saturated part of the aquifer.
Boron Anomaly
[34] The Na-rich saline groundwater in the central part of the southern coastal aquifer is characterized by high boron concentrations (up to 4.3 mg/L, Table 1) and extremely high B/Cl ratios (1 Â 10 À2 relative to 8 Â 10 À4 in seawater). The boron isotopic ratios reflect mixing between two sources: (1) saline groundwater with high d [Vengosh et al., 1994] . While the d
11
B values of the Na-rich saline groundwater in the center of the aquifer ($48%) are not much different from the Avedat Group groundwater ($45%, Rosenberg, personal communication), the boron content is much higher. The increase of B/Cl ratios is correlated with that of Na/Cl ratios in both the saline groundwater ( Figure 10 ) and loess leachates (Figure 12) , suggesting a common origin. Given these relationships and the extremely high B/Cl ratios found in the loess extractions, we suggest that the source of boron anomaly in the groundwater is related to processes in the overlying loess. Our findings show that the loess leachates have high B/Cl and low d 11 B values of 17 to 31% (Table 3 and Figure 16 ). As shown in Figure 12 , the saline leachates have low Br/Cl ratios that indicate halite dissolution. Hence the B/Cl ratios in the loess extraction also reflect the contribution of halite dissolution with a negligible amount of boron [Vengosh et al., 1994] , that is, extremely low B/Cl ratios. In spite of the halite contribution, the B/Cl ratios in the loess extractions are high, which indicates a significant boron-rich source. We suggest that leaching of the loess soil extracts ''desorbable boron'' from clay minerals given that ''desorbable boron'' in marine sediments has a d 11 B range of 15% to 20% [Spivack et al., 1987] . The relationships between boron in loess leachates and saline groundwater (Figure 16 ) suggest that the high B and low d 11 B source was modified into slightly lower B and higher d 11 B via adsorption process, most probably within the saturated zone. A well-known feature of clay minerals is their high adsorption capacity with respect to boron [Spivack et al., 1987; Palmer and Swihart, 1996] . We suggest that long-term accumulation of marine aerosols with d 11 B $ 39% in the loess deposits resulted in an Figure 14 . Results of the mass balance calculations for the ''Ca input'' deduced from diluted Eocene calcium, DHCO 3 , and DSO 4 values (see text and Table 4 ) and ''Ca output'' calculated from the relative enrichment of Na (DNa) and the residual Ca 2+ measured in the groundwater (in meq/L). Figure 15 . Variations of chloride, Na/Cl, SO 4 /Cl, and Ca/Cl values in two loessial sequences in the northern Negev (Gilat and Be'er Sheva sites). Data are from Dan and Yaalon [1982] . Note that the peak in SO 4 /Cl in Gilat section is associated with Ca/Cl and Na/Cl ratios, indicating that gypsum dissolution triggered reverse base exchange reactions.
equilibrium between the dissolved (>39%) and adsorbed (<39%) boron phases. The boron-rich solution percolated into the saturated zone and a new equilibrium condition with the host clay minerals was established, in which the residual groundwater became enriched in 11 B upon selective removal of 10 B to the adsorbed phase.
Sources of Salinization in the Gaza Strip
[35] While groundwater in the central part of the aquifer has a long record of high salinity that was already observed during the 1930s [Mercado, 1968; Fink, 1992; Melloul and Bibas, 1992] , salinization in the western part of the southern coastal aquifer, that is the Gaza Strip, is an ongoing process [Moe et al., 2001] .
[36] Our findings indicate three major sources of salinity that affect the water quality in the Gaza Strip. The first is lateral flow of Na-rich saline groundwater from the central part of the aquifer, (2) seawater intrusion, and (3) anthropogenic nitrate pollution. The chemical (Figure 5 ), oxygen ( Figure 6 ) and boron isotopic compositions (Figure 8 ) of the saline groundwater in the Gaza Strip indicate that most of the salinity is derived from the lateral flow of Na-rich saline groundwater from the central section of the aquifer. The lithological composition of the unsaturated zone is changing from loess-dominant soil in the eastern part to sandstone with high permeability in the western area. This transition occurs along the Israel-Gaza Strip border ( Figure 3) . As a result, the saline groundwater in the central aquifer becomes less saline as it flows to the Gaza Strip. Nevertheless, the unique chemical composition (e.g., high Na/Cl and B/Cl) is only slightly modified ( Figure 5 ) and the chemical composition of groundwater in the central and eastern parts of the Gaza Strip mimics the composition of the Na-rich groundwater in the Israeli side. This observation is generally consistent with that of Fink [1992] , who estimated that the lateral groundwater flow from the Israeli side to the Gaza Strip is 37 Â 10 6 m 3 /y, which is about one third of total replenishment of $120 Â 10 6 m 3 /y. Since water levels within the Gaza Strip have dropped during the last three decades due to overpumping, we suggest that the SE-NW groundwater gradient has become steeper, and as a consequence, the flow rate of the saline groundwater should have increased, resulting in the salinization of the groundwater in the Gaza Strip.
[37] The second source of salinity that was identified in several wells is seawater intrusion that is characterized by a marine Br/Cl ratio, low Na/Cl (<0.86) [Vengosh et al., 2002] .
[38] The third source is anthropogenic contamination. The results of a numerical model in the northern part of the Gaza Strip [Weinthal et al., 2005] indicate that anthropogenic contribution to the salt budget is only 10% although recharge from the aquifer surface contributes 37% of the water balance. Hence the anthropogenic contamination has negligible affect on the salinity. However, we found extremely high levels of nitrate in groundwater from the Gaza Strip. While groundwater in the Israeli side has low nitrate concentrations (<30 mg/L; as NO 3 ), the level of nitrate in the groundwater within the Gaza Strip can reach 450 mg/L. We postulate that the source of the nitrate in the groundwater is derived from agricultural return flow and/or wastewater pollution and nitrification processes in the unsaturated zone of the aquifer. Figure 11 ). We suggest that the chemical and strontium isotopic changes observed within the Gaza Strip are related to the nitrate pollution process. During the nitrification process, microbial oxidation of ammonium releases protons (H + ) that generate acidity along with nitrate in soils [Bölke, 2002] and induce dissolution of calcium carbonate minerals. In many carbonate aquifers nitrate-rich waters are associated with high calcium derived from dissolution of the aquifer matrix [Bölke, 2002] [Hamilton and Helsel, 1995] . Since the matrix of the sandstone in the coastal aquifer is composed of high Mg calcite [Gavish and Friedman, 1969] , we suggest that the nitrification process induced dissolution of the carbonate matrix. Furthermore, we argue that the conspicuous increase of the 87 Sr/ 86 Sr ratios indicates a contribution of the Pleistocene Sr ratio is not directly derived from nitrate sources but rather from water-rock interactions.
Conclusions: Conservative Tracers and the Distinction of Natural From Anthropogenic Salinity Sources
[39] The use of hydrochemical fingerprints for tracing the origin of salinity of groundwater resources is a very powerful methodology that enables identification of multiple salinity sources in coastal aquifers [Vengosh, 2003, and references therein] . The basic assumption for this technique is that the chemical and isotopic compositions of the saline source are preserved during the salinization process (i.e., the geochemical tracers are conservative). Thus it is expected that the chemical composition of the salinized water would mimic the original saline source. However, water-rock interactions may mask and even modify the original chemical composition. Here, we showed a significant chemical modification of downgradient groundwater in the central part of the Mediterranean coastal aquifer relative to the original saline source in the adjacent Avedat Group aquitard. The integration of geochemical and isotopic tracers enabled us to show that the major source of the water is derived from lateral flow from the underlying Avedat aquitard (as inferred from d
O and d
2 H values), while the solutes are derived from water-rock interactions, primarily in the overlying loess soil. We use the ''refreshening'' concept [Appelo, 1994] to suggest that the unique Na-HCO 3 -Cl and Na-SO 4 -Cl compositions found in saline groundwater in the central aquifer are a product of reverse base exchange reactions. We argue that the overlying soil is an undistinguishable source for dissolved calcium given the abundance of pedogenic carbonates and gypsum. We postulate two models for the base exchange reactions; one considers in situ reactions in the aquifer due to flux of Ca-rich solution from the overlying loess. The second suggests that base exchange reactions occur within the loessial sequence. Thus the apparent inconsistency of continuous groundwater flow and the dramatic change in water chemistry can be resolved by considering the role of water-rock interactions together with mixing processes.
[40] The geochemical data indicate that the ongoing salinization process within the Gaza Strip is largely derived from the lateral flow of saline groundwater from the central part of the aquifer. Here again, the main source of the salinity is natural (''geogenic'') and not derived from anthropogenic sources. Nonetheless, the high nitrate contents found in groundwater within the Gaza Strip and the associated changes in water chemistry (e.g., the increase of Ca 2+ and 87 Sr/ 86 Sr) clearly indicate an anthropogenic component of pollution. Hence the water quality in the Gaza Strip is affected by natural saline sources (eastern Na-rich groundwater and seawater intrusion) superimposed with anthropogenic nitrate-rich contamination. In addition, the high Br groundwater found in the alluvial shallow aquifer along the Wadi Besor (Gaza) is a sign of industrial pollution.
[41] The use of geochemical tools to delineate the source of salinity has important political implications for future management and potential cooperation between Israel and the Palestinian Authority. In particular, the local water authorities can use these geochemical tools to establish a reliable monitoring program that can identify the multiple salinity sources.
[42] Salinization by the lateral flow of the Na-rich groundwater turns out to be the predominant factor for the salinity rise in the eastern and central parts of the Gaza Strip. This finding should be taken into account in future management scenarios since it could be the basis for strategies to reduce the eastern saline flux and thus slow down salinization in the Gaza Strip or even reverse the tendency and improve the overall quality of the groundwater resources [Weinthal et al., 2005] . 
